ripheral cold thermoreceptors respond to cooling of their sensory endings with an increase in firing rate and modification of their discharge pattern. We recently showed that cultured trigeminal coldsensitive (CS) neurons express a prominent hyperpolarization-activated current (I h ), mainly carried by HCN1 channels, supporting subthreshold resonance in the soma without participating in the response to acute cooling. However, peripheral pharmacological blockade of I h , or characterization of HCN1 Ϫ/Ϫ mice, reveals a deficit in acute cold detection. Here we investigated the role of I h in CS nerve endings, where cold sensory transduction actually takes place. Corneal CS nerve endings in mice show a rhythmic spiking activity at neutral skin temperature that switches to bursting mode when the temperature is lowered. I h blockers ZD7288 and ivabradine alter firing patterns of CS nerve endings, lengthening interspike intervals and inducing bursts at neutral skin temperature. We characterized the CS nerve endings from HCN1 Ϫ/Ϫ mouse corneas and found that they behave similar to wild type, although with a lower slope in the firing frequency vs. temperature relationship, thus explaining the deficit in cold perception of HCN1 Ϫ/Ϫ mice. The firing pattern of nerve endings from HCN1 Ϫ/Ϫ mice was also affected by ZD7288, which we attribute to the presence of HCN2 channels in the place of HCN1. Mathematical modeling shows that the firing phenotype of CS nerve endings from HCN1 Ϫ/Ϫ mice can be reproduced by replacing HCN1 channels with the slower HCN2 channels rather than by abolishing I h . We propose that I h carried by HCN1 channels helps tune the frequency of the oscillation and the length of bursts underlying regular spiking in cold thermoreceptors, having important implications for neural coding of cold sensation. hyperpolarization-activated current; HCN channel; subthreshold oscillation; bursting; cold thermoreceptors MAMMALIAN COLD THERMORECEPTORS are sensory terminals specialized in the detection of innocuous cold/cool temperatures impinging on the skin (Hensel 1981) . The transduction of cold stimuli takes place in the free nerve endings of the peripheral axons of cold thermoreceptor neurons from trigeminal and dorsal root ganglia. They display spontaneous, tonic or bursting, spike activity at neutral skin temperatures (34°C) that is accelerated by cooling the receptive field and suppressed by warming (Braun et al. 1980; Brock et al. 2001; Dykes 1975; Iggo 1969) . The average frequency of their static discharge has a bell-shaped relationship with respect to skin temperature, attaining the maximum frequency at temperatures ranging from 18°C to 34°C. Therefore, the action potential rate cannot encode unambiguously the peripheral temperature under static conditions (Bade et al. 1979; Dykes 1975; Hensel and Wurster 1970) , suggesting that discrimination depends on the temporal structure of the impulse sequence (Braun et al. 1980; Hensel 1981) . At static temperatures above ϳ30°C the activity consists mainly in regularly fired single spikes, while at lower temperatures the bursting activity prevails (Iggo 1969) . The transitions between these different spiking patterns are continuous, and their temporal structure suggests that all the different patterns can be attributed to slow oscillations of the membrane potential that are systematically altered by temperature (Braun et al. 1980 (Braun et al. , 1998 Schafer et al. 1991) . Acute cooling leads to a transient rise in mean frequency caused by an immediate increase in the frequency of bursts followed by an increase in burst duration and number of impulses per burst while the frequency of bursts decreases (Braun et al. 1980) . There is growing experimental evidence showing that bursting is involved in the transmission of behaviorally relevant information in other sensory systems (Krahe and Gabbiani 2004) , and it has been proposed that bursting enhances the sensitivity and working range of cold receptors (Iggo 1969) . However, the contribution of this temporal firing code to the psychophysical capacities for cold discrimination in vivo has not been established.
MAMMALIAN COLD THERMORECEPTORS are sensory terminals specialized in the detection of innocuous cold/cool temperatures impinging on the skin (Hensel 1981) . The transduction of cold stimuli takes place in the free nerve endings of the peripheral axons of cold thermoreceptor neurons from trigeminal and dorsal root ganglia. They display spontaneous, tonic or bursting, spike activity at neutral skin temperatures (34°C) that is accelerated by cooling the receptive field and suppressed by warming (Braun et al. 1980; Brock et al. 2001; Dykes 1975; Iggo 1969) . The average frequency of their static discharge has a bell-shaped relationship with respect to skin temperature, attaining the maximum frequency at temperatures ranging from 18°C to 34°C. Therefore, the action potential rate cannot encode unambiguously the peripheral temperature under static conditions (Bade et al. 1979; Dykes 1975; Hensel and Wurster 1970) , suggesting that discrimination depends on the temporal structure of the impulse sequence (Braun et al. 1980; Hensel 1981) . At static temperatures above ϳ30°C the activity consists mainly in regularly fired single spikes, while at lower temperatures the bursting activity prevails (Iggo 1969) . The transitions between these different spiking patterns are continuous, and their temporal structure suggests that all the different patterns can be attributed to slow oscillations of the membrane potential that are systematically altered by temperature (Braun et al. 1980 (Braun et al. , 1998 Schafer et al. 1991) . Acute cooling leads to a transient rise in mean frequency caused by an immediate increase in the frequency of bursts followed by an increase in burst duration and number of impulses per burst while the frequency of bursts decreases (Braun et al. 1980) . There is growing experimental evidence showing that bursting is involved in the transmission of behaviorally relevant information in other sensory systems (Krahe and Gabbiani 2004) , and it has been proposed that bursting enhances the sensitivity and working range of cold receptors (Iggo 1969) . However, the contribution of this temporal firing code to the psychophysical capacities for cold discrimination in vivo has not been established.
The cellular and molecular mechanisms that confer specificity for thermal detection at cold nerve endings have been unveiled in recent times. Cooling and cooling compounds, like menthol, activate TRPM8, a nonselective, calcium-permeable cation channel of the transient receptor potential family (reviewed in Babes et al. 2011 and Latorre et al. 2011; McKemy et al. 2002; Peier et al. 2002) . This channel is selectively expressed in cold-sensitive (CS) neurons and is a major determinant of their cold sensitivity (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007) . CS neurons also possess background K ϩ channels that are closed by cooling, contributing to depolarization and firing (Reid and Flonta 2001; Viana et al. 2002) , and it has been shown that these channels participate in cold perception (Noel et al. 2009 ). In contrast, the ionic mechanisms underlying the rhythmic firing activity exhibited by peripheral cold receptors are still unknown. Experimental evidence suggests the involvement of slow, TTX-resistant persistent sodium currents (Brock et al. 1998; Herzog et al. 2001 ) and low-threshold calcium channels (Schafer et al. 1982 (Schafer et al. , 1991 in the underlying oscillations that generate rhythmic firing. Mathematical simulations (Braun et al. 1998; Longtin and Hinzer 1996) have shown that the usual effect of temperature on ion channel gating kinetics [Q 10 ϳ3; Hille 2001 ] is enough to reproduce the temperature-induced change of spiking pattern in a slow wave bursting model (Plant 1981) .
Recently, we described the biophysical characteristics of the hyperpolarization-activated cation current (I h ) in peripheral cold thermoreceptors and its specific role in cold sensitivity (Orio et al. 2009 ). The I h is a key regulator of cellular excitability and contributes to rhythmic firing in neurons at various levels of the nervous system (Pape 1996) and the heart (DiFrancesco 2006; Schreiber 2003) . For example, I h participates in the generation of spindle waves and single-cell oscillations in the thalamus (Luthi et al. 1998; McCormick and Pape 1990 ) and subthreshold resonance behavior in cortical cells (Hutcheon et al. 1996; Richardson et al. 2003) and hypoglossal motoneurons (van Brederode and Berger 2011) . I h is carried through channels of the hyperpolarization-activated and cyclic nucleotide-gated (HCN) ion channel subfamily (reviewed by Hofmann et al. 2005; Pape 1996; Robinson and Siegelbaum 2003) , which includes four members (HCN1-4) characterized by six membrane-spanning domains and one cyclic nucleotidebinding domain (Ludwig et al. 1998; Santoro et al. 1998) . Individual HCN subunits assemble as homotetrameric channels with distinct voltage dependence and kinetic properties (reviewed by Kaupp and Seifert 2001) . Further diversity is obtained by coassembly of the different HCN subunits (Chen et al. 2001; Ulens and Tytgat 2001) . In CS neurons, the kinetic and activation properties of I h suggest a major involvement of HCN1 channels, with some participation of the HCN2 isoform (Orio et al. 2009 ). Indeed, CS neurons from HCN1 gene knockout mice show no I h or a slower I h of reduced amplitude. Behavioral responses to cooling are impaired in HCN1-null mice and after peripheral pharmacological blockade of I h (Orio et al. 2009 ), suggesting an important role of I h in cold thermoreception. However, the actual role of I h in the process of thermotransduction and coding of cold temperatures by sensory terminals remained obscure. It is imperative therefore to record the activity of CS nerve endings and observe the effect of I h manipulation to be able to assign a specific role of this current in cold perception. Because of their small size and subsurface locations, electrophysiological recordings from mammalian sensory endings are extremely difficult. Fortunately, a preparation that allows long-term extracellular recordings from corneal sensory nerve endings in vitro allowed us to pursue this goal (Brock et al. 1998; Parra et al. 2010) .
Here, we characterize the effects of pharmacological blockade of I h in the spontaneous and temperature-dependent firing patterns of CS nerve endings in the cornea and look at the firing patterns in cold thermoreceptors from HCN1 Ϫ/Ϫ mice. A change of the firing pattern upon blockade of I h with ZD7288 or ivabradine suggests an important role of HCN channels in tuning and maintaining the slow oscillation underlying regular firing patterns. In CS nerve endings from HCN1 Ϫ/Ϫ mouse corneas, firing patterns show less marked changes than those we observed under pharmacological suppression of HCN channels, compared with wild-type data. On the basis of previous results (Orio et al. 2009 ), we propose that this is due to functional expression of HCN2 channels in CS nerve endings, a hypothesis that is further supported by mathematical modeling. We conclude that I h plays a critical role in shaping the temperature-dependent firing patterns in cold thermoreceptors, determining the oscillation period and the length of bursts that underlie their rhythmic activity.
MATERIALS AND METHODS

Animals.
All animal experiments were conducted at the Instituto de Neurociencias de Alicante. Experimental protocols were supervised and approved by the Director of Animal Research Services and were performed according to EC animal use guidelines (2007/526/EC). Twenty HCN1 ϩ/ϩ mice and seven HCN1 Ϫ/Ϫ mice were used. Animals were killed by exposure to CO 2 and decapitated. Eyes were carefully removed and placed in a recording chamber. The HCN1 Ϫ/Ϫ mouse line was generated by the laboratory of E. Kandel (Columbia University) and obtained from The Jackson Laboratory (stock no. 101045). Mice were genotyped by PCR.
Extracellular recording of single nerve terminal impulses. To characterize the firing of CS nerve endings, we used an in vitro preparation of mouse cornea developed in the laboratory, as described recently by Parra et al. (2010) . Briefly, the optic nerve and associated tissues of the eye were drawn into a suction tube at the bottom of a small recording chamber, and eyes were continuously perfused (1 ml/min) with a solution of the following composition (mM): 128 NaCl, 5 KCl, 1 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose. The solution was gassed with carbogen (95%O 2 -5%CO 2 ) and maintained at the desired temperature with a manually controlled Peltier device. Glass micropipette electrodes filled with the same solution were applied to the cornea with light suction to record nerve terminal activity. Cold sensory receptors were identified by their relatively high level of spontaneous discharge, which is increased by cooling of the superfusing solution (Brock et al. 2001) . Signals were amplified with an AC amplifier (Neurolog NL104, Digitimer, Welwyn Garden City, UK; gain ϫ 2,000, high-pass filter set at 0.1 Hz). Data were captured at 12.5k samples per second and analyzed with a CED 1401 interface coupled to a computer running Spike 2 software (Cambridge Electronic Design, Cambridge, UK). Temperature was simultaneously acquired at 10 samples/s.
Analysis of burst patterns. Nerve terminal impulses (NTIs) were detected during acquisition with a threshold-based criterion and further filtered manually to remove artifacts. Only single-unit recordings (evidenced by spikes having the same shape and similar size) or multiunit recordings where spike sorting was easily achieved by different spike shapes were used. After sorting, interspike intervals (ISIs) for individual units were calculated. A burst is defined to begin when the ratio of two consecutive ISIs (ISI nϪ1 :ISI n ) is higher than 2.5. Conversely, a burst ends when the ratio ISI nϪ1 :ISI n is lower than 0.4. Also, a maximum intraburst interval (MaxIntra) and a minimum interburst interval (MinInter) were defined such that if ISI Ͼ MaxIntra it was automatically considered an interburst interval and if ISI Ͻ MinInter it was automatically treated as an intraburst interval. Typically, MinInter ϭ 40 ms and MaxIntra ϭ 100 ms, but these values were adjusted case by case on the basis of the ISI histograms and the temperature at which the analyzed recording was obtained. The following firing pattern parameters were defined: mean firing frequency (average number of NTIs recorded per second); spikes per burst (number of NTIs observed within a burst); cycle time (CT, time interval between the first NTI of a burst and the first NTI of the next burst). When there is only one NTI per burst (no bursting), CT ϭ ISI. To quantify better the period of the slow oscillation, when a high skipping rate (see below) was evident a histogram of CT values was obtained and the first peak (corresponding to the shortest CT) was defined as the main cycle of the oscillation (1stCT). A skip event (Braun et al. 1980; Longtin and Hinzer 1996) was defined when ISI Ͼ 1stCT ϫ 0.6.
Mathematical modeling of cold-sensitive nerve endings. The electrical activity of CS nerve endings was modeled with a modified version of the Huber-Braun model (Braun et al. 1998 ) that includes a hyperpolarization-activated current (I h ) and a TREK1-like potassium current. The change in membrane voltage (V) is given by
where C m is membrane capacitance, I i are ionic membrane currents, and g w is a noise term. I l stands for leak current, such that I l ϭ g l (V Ϫ E l ), where g is the conductance and E is the reversal potential. I d and I sd are depolarizing and slow depolarizing currents, respectively. I d represents a fast sodium channel that generates action potentials, while I sd is a mixed sodium and calcium slow conductance (Longtin and Hinzer 1996; Plant 1981) , a simplification that assumes separate calcium and sodium channels with similar activation properties. The activation properties of I sd resemble Na V 1.9 channels (Herzog et al. 2001) , and the fraction of calcium conductance is controlled by the parameter (see below). I r and I sr are repolarizing and slow repolarizing currents (i.e., potassium currents), respectively. I trek is a temperature-sensitive potassium current. Currents are given by
where a is an activation parameter and is a temperature scaling factor for the current. a r , a h , and a sd are governed by
and
where is a temperature factor for channel kinetics. a d is considered to decay instantaneously, such that a d ϭ a d ϱ , defined as in Eq. 4. a sr resembles a calcium-activated potassium channel with the expressions
Finally,
Temperature scaling factors are given by
The noise component (g w ) was modeled as an exponentially correlated noise in the form of an Ornstein-Uhlenbeck process:
where is drawn at each integration step from a normal distribution with mean 0 and variance D. Parameters used for the "wt" model are:
For the "slow I h " model the only differences are V h 0 ϭ Ϫ95 and h ϭ 900. Units are microfarads per square centimeter, milli-Siemens per square centimeter, millivolt, millisecond, and micromolar.
The model was implemented and solved in the NEURON simulation environment (http://www.neuron.yale.edu) (Hines and Carnevale 1997 Drugs. 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288) was purchased from Tocris Bioscience UK. 3-(3-{[((7S)-3,4-Dimethoxybicyclo[4,2,0]octa-1,3,5-trien-7-yl)methyl]methylamino}propyl)-1,3,4,5-tetrahydro-7,8-dimethoxy-2H-3-benzazepin-2-one, hydrochloride (ivabradine) was a generous gift of the Institut de Recherches Internationales Servier (France).
RESULTS
Blockade of I h alters spontaneous firing activity but not acute response to cold in nerve terminals. To investigate the function of I h at sensory nerve terminals, we took advantage of an in vitro preparation of the adult mouse cornea that allows long-term recordings of cold thermoreceptor endings (Parra et al. 2010) . Figure 1A shows extracellular recordings of single NTIs in a CS nerve terminal. The time course of the recorded electrical activity in the same nerve ending can be seen in Fig.  1B , which plots the firing frequency, the ISIs, the number of spikes per burst, and the temperature of the bathing solution during the complete experiment. In the control condition (Fig.  1A , left) the terminal shows spontaneous nerve impulses with a frequency around 7 impulses/s. When cooled transiently to 20°C, the terminal responded with an increase in mean firing frequency up to 30 impulses/s (Fig. 1B) . After application of 20 M ZD7288, a selective blocker of HCN channels (Harris and Constanti 1995) , to the bath solution perfusing the cornea, the most obvious effect was a slowdown of the mean spiking frequency (an increase of the mean ISI) followed shortly by the appearance of bursts (evidenced by the appearance of shorter ISIs and an increase in the number of spikes per burst, see Fig.  1 , B and A, right; also Fig. 1C ). On the other hand, application of ZD7288 did not induce significant changes in the shape of NTI spikes ( Fig. 1D and Table 1 ), indicating that ZD7288 is not affecting the active mechanisms responsible for action potential generation and propagation.
Remarkably, the terminals still retained their dynamic responsiveness to cold, increasing their firing frequency during rapid cooling steps ( Fig. 1B ; compare the 2 cold pulses). The maximum firing frequency during the cooling stimulus showed no difference between the control condition and when ZD7288 was present (Table 2) . Moreover, Table 2 shows that application of the drug did not change significantly the threshold for the increase in firing frequency in response to cold, in agreement with our previous findings in cultured CS trigeminal neurons, where ZD7288 did not change the temperature threshold for action potential firing (Orio et al. 2009 ). Finally, ZD7288 did not change the bursting characteristics of the response to cooling ramps (Table 2) .
From these observations we conclude that blockade of HCN channels in CS nerve terminals does not affect the response to an acute cold stimulus but alters profoundly the temporal pattern of the spontaneous firing of action potentials in a steady-state temperature condition. We also tested the effect of ZD7288 in CS nerve endings from guinea pig corneas (Brock et al. 1998 ) and found very similar results (not shown).
Blockade of I h alters stationary firing pattern at low temperatures. We wanted to examine whether the changes of firing pattern observed upon I h blockade could also be observed at temperatures lower than the resting temperature of 34°C. Figure 2 shows the behavior of a mouse CS nerve ending that was exposed to 20 M ZD7288 while being maintained at a constant temperature of 27°C. In this case, the terminal showed a bursting firing pattern right from the beginning of the recording (Fig. 2, A, left and B) , typical for temperatures lower than 30°C. After some minutes in the presence of ZD7288, it becomes evident that the firing pattern suffers the same alteration as seen at 34°C, namely, the lengthening of the interburst period (the longest ISIs) ( Fig. 2A, right ; also see the intervals in Fig. 2B ) and augmented bursting. When summarizing the results of six similar experiments at 27°C, we see the same overall result as obtained with the protocol used in Fig. 1 : there is a significant increase in cycle time and in the number of spikes per burst, while the firing frequency is not significantly affected (Fig. 2C) .
Overall, these results indicate that the participation of I h in the oscillatory properties of CS nerve endings is also required for their characteristic bursting behaviors at lower temperatures, and therefore may be critical for the neural coding of stationary temperatures.
Firing patterns of corneal cold-sensitive nerve endings in wild-type and HCN1-null mice.
To investigate further the potential role of HCN channels in the coding of cold-evoked responses, we used an alternative approach to the pharmacological blockade of I h , taking advantage of an HCN1-null mouse line (Nolan et al. 2003) . Figure 3A shows representative recording traces and ISI histograms for the steady-state firing of NTIs at 34°C, 30°C, and 25°C for terminals recorded in corneas from HCN1 ϩ/ϩ (Fig. 3A , left) and HCN1 Ϫ/Ϫ (Fig. 3A , right) animals. In both cases, the decrease in temperature is associated to longer cycle times (the larger ISIs) and bursting becoming more prominent (higher number of events with short ISI). Notably, bursting is absent at 34°C in the wild-type nerve ending, while it is evident at the same temperature in the HCN1-null animal. Figure 3 , B-E, summarize the firing pattern parameters of several nerve endings over the entire temperature range (24 -34°C). Although there was notable variability between individual nerve endings in terms of firing patterns and mean firing rates, the overall trends are maintained within the population. Nerve endings from HCN1-null mice have a higher mean firing frequency at temperatures between 33°C and 35°C than those from wild-type animals, but below 32°C the differences disappear (Fig. 3B ). This is partially explained by a higher number of spikes per burst at 30 -32°C for HCN1-null terminals ( Fig. 3C ) but, more importantly, by a higher rate of event skipping in wild-type terminals ( Fig. 3D ; see arrows in Fig. 3A ). The latter means that at 30°C and above there is a higher probability in wild-type nerve endings of "skipping" a cycle of the oscillation (Braun et al. 1980) , a phenomenon that is evident in the ISI histograms as peaks at approximately the double the main ISI values observed (see Fig. 3A at 34°C, arrow).
The data presented above suggest that corneal CS nerve endings from HCN1-null mice have subtle but significant Black and gray line boxes indicate the periods analyzed for graphs in C. In the spikes per burst plot, the thick gray line indicates the moving average. C: mean firing frequency, cycle time, and number of spikes per burst at baseline temperature (34°C) in the control condition and after addition of 20 M ZD7288. Bars represent means Ϯ SE. The experimental conditions were paired with their respective controls and were compared with a paired t-test. *P Ͻ 0.05, **P Ͻ 0.01. n ϭ 8. D: representative NTIs recorded in control condition (black) and after exposure to 20 M ZD7288 (gray); 100 -200 spikes from a steady-state firing period (boxes in B) were averaged in each case. Samples from 2 different experiments are shown. In some experiments the NTIs in ZD7288 were of lower amplitude (left), but when rescaling (inset) it is shown that the shape of NTIs is unaltered. Table 1 shows that this decrease in amplitude was not significant. differences in firing pattern compared with wild-type siblings. Although the firing frequency vs. temperature curves (Fig. 3B) are not significantly different (P ϭ 0.16 in a 2-way ANOVA test), in the HCN1-null nerve endings there is a significantly higher probability of firing action potentials at normal body surface temperature (P ϭ 0.02 nonpaired t-test for the data at 34°C). Moreover, the slope of the firing frequency vs. temperature relationship is lower in HCN1-null animals compared with wild type (Fig. 3B, fit lines) . In other words, during moderate cooling from 34°C to 28°C a CS nerve ending in a wild-type animal increases its firing frequency by a factor of 3.1, while in the case of a HCN1 Ϫ/Ϫ animal this factor is only 1.7. This difference grows at lower temperatures (Fig. 3E) .
Effect of I h blockade in CS nerve endings from HCN1
Ϫ/Ϫ mice. The results so far indicate that pharmacological blockade of I h in CS nerve endings has a more profound effect on the firing pattern than genetic deletion of HCN1. One possibility to explain this observation is that HCN1 Ϫ/Ϫ mice still have I h in their CS nerve ending because of the expression of the HCN2 channel (Orio et al. 2009 ). Thus we tested the effect of ZD7288 in HCN1 Ϫ/Ϫ mouse corneas. Figure 4A shows the behavior of a CS nerve ending from a HCN1 knockout mouse upon exposure to 20 M ZD7288, in an experiment similar to that shown in Fig. 1 . In this case, ZD7288 also induces a longer cycle time (Fig. 4A , gray box; see also Fig. 4B, center) with an increased number of spikes per burst (Fig. 4B, right) . In the average, however, there was a significant decrease of the mean firing frequency (Fig. 4B, left) , probably because the longer cycle time was accompanied by a modest increase in the number of spikes per burst (Fig. 4B , right) that failed to be significant. The latter may be related to the fact that, as already mentioned, cold receptors from knockout animals showed bursting in the control condition. As in wild-type nerve endings, ZD7288 produced no significant change in the shape of the NTIs recorded (see Table 1 ).
The effect of ZD7288 on CS nerve endings from HCN1
Ϫ/Ϫ animals also raises the possibility that this drug is acting on a molecular target other than HCN channels, as has been suggested previously at mossy fiber synapses (Chevaleyre and Castillo 2002) . Alternatively, in CS terminals from HCN1-null animals there may still be a significant I h , supported by expression of HCN2 channels, as was observed in a fraction of cultured CS trigeminal neurons obtained from these animals (Orio et al. 2009 ). This in turn may explain why the firing pattern of HCN1 Ϫ/Ϫ CS terminals is not much different from that of HCN1 ϩ/ϩ CS terminals, as there is still a hyperpolarization-activated current, albeit with a more negative halfactivation voltage and slower kinetics (Santoro et al. 2000) . In an effort to discriminate between these two alternatives, we tested the effect of ivabradine, another HCN channel blocker (Bois et al. 1996; Bucchi et al. 2006 ), on the electrical activity of wild-type CS nerve endings. In this case we also found an increase of the cycle time at 34°C (Fig. 5) as well as at 27°C (from 293 Ϯ 36 ms to 356 Ϯ 26 ms; P ϭ 0.05, n ϭ 4). The Values are reported as means Ϯ SE; n ϭ 8. P value is the result of a paired t-test between data in the absence and in the presence of 20 M ZD7288. cycle time increase is less than that observed with ZD7288, and the increase in bursting failed to be significant, suggesting a partial block of I h by ivabradine (see below). It is important to emphasize that differences between effects of ZD7288 and ivabradine are only quantitative, with the same qualitative result (lengthening of cycle time) produced by both blockers. The partial effect of ivabradine can be explained by differences in their blocking mechanisms, specifically, because ivabradine needs repeated open/close cycles to effectively block HCN1 channels while ZD7288 can readily block open channels (Bucchi et al. 2006; Shin et al. 2001) . Moreover, we confirm that the effect of ivabradine can be attributed to a partial block of I h with mathematical simulations (see below). On the other hand, Cs ϩ ion can also block HCN channels (DiFrancesco 1982), with additional effects on inward rectifier K ϩ channels (Hille 2001) . We tested the effect of 3 mM CsCl on the firing pattern of the spontaneous activity of CS terminals and found that it rapidly increased the cycle time and promoted bursts, resembling the effects of ZD7288 and ivabradine. However, this was followed by a dramatic increase of activity in which bursts could hardly be distinguished (Fig. 6 ). This effect was poorly reversible, suggesting that Cs ϩ may be acting intracellularly on inward rectifier K ϩ channels. Still, the overall results obtained are consistent with the idea that the principal mechanism of action of ZD7288 and ivabradine is blockade of I h .
Definitive evidence for the presence of HCN2 channels in HCN1 Ϫ/Ϫ terminals would come from the direct assessment of the activity of specific ionic conductances at mammalian nerve terminals; however, this is currently not feasible because of their small size. To further explore whether the compensation of HCN1 function by expression of HCN2 channels is a plausible explanation for the results described above, we developed and analyzed mathematical models of corneal CS nerve endings, simulating the expression of HCN-like currents with biophysical properties resembling HCN1 or HCN2 channels.
Mathematical models of cold receptors bearing HCN1 or HCN2 channels. The rhythmic spiking activity of vertebrate cold thermoreceptors is thought to arise from an underlying oscillation of the membrane potential, upon which an action potential is generated each time firing threshold is reached (Braun et al. 1980; Schafer et al. 1990 ). Cold temperatures would slow down the intrinsic oscillation, allowing more than one action potential per cycle and thus giving rise to the bursting nature of the response. Experimental evidence points to the involvement of slow, TTX-resistant persistent sodium currents (Brock et al. 1998; Herzog et al. 2001 ) and lowthreshold calcium channels (Schafer et al. 1982 (Schafer et al. , 1991 in the generation of rhythmic firing.
Mathematical models that account for the temperature-dependent change in spiking pattern of CS nerve fibers have been published and analyzed (Braun et al. 1998; Huber et al. 2000; Longtin and Hinzer 1996) , all based on Plant's ionic model of slow wave bursting (Plant 1981) . In this model, a slow oscillation is driven by a slow voltage-dependent sodium current that acts as positive feedback. Calcium entry through voltageactivated calcium channels, and the consequent activation of calcium-activated potassium channels, provides a negative feedback current. On top of this oscillation, fast voltageactivated sodium and potassium currents generate action potentials. By adding the typical effect of temperature on ion channel gating kinetics (a 3-fold speedup for every 10°C temperature rise), a model is obtained in which the spiking pattern changes with temperature in a similar way as the CS nerve endings and fibers. We took the simple, classical model developed by Braun (Braun et al. 1998 ) and added a hyperpolarization-activated current with parameters similar to those determined experimentally in cultured CS trigeminal neurons (Orio et al. 2009 ), specifically, a half-activation voltage of Ϫ85 mV and a time constant for activation of 125 ms at 25°C (adjusted by a Q 10 factor of 3). Thereafter, the parameters were hand tuned to reproduce two key observations of the firing pattern at static temperature in wild-type mice: the effect we observe in the firing pattern after I h blockade (Figs. 1 and 2 ) and the firing pattern vs. temperature curves (Fig. 3, B-D) . In the first case, the most important parameter change with respect to the original Braun model was an increase in the voltage dependence of the slow depolarizing current activation (s sd ), from an original value of 0.09 mV Ϫ1 to 0.11 mV Ϫ1 (at 34°C, this is equivalent to 2.4 and 2.9 electron equivalents, respectively). Persistent, TTX-resistant sodium currents have been described in trigeminal neurons with a voltage dependence a little bit higher than 0.1 mV Ϫ1 (Herzog et al. 2001 ). In the second case, to fine-tune the model to fit the experimentally observed behavior of cold receptors we found it necessary to add a background K ϩ current specifically modulated by temperature in the form of a TREK1-like potassium channel (Maingret et al. 2000) . Otherwise, a lower slope of the mean firing frequency vs. temperature relationship was obtained (not shown). Figure 7A shows the firing patterns simulated by the model at three different temperatures, 34°C, 30°C, and 24°C, and the corresponding ISI histograms. As shown in Fig. 7B , the firing pattern parameters in the 24 -34°C range of the model match very well the mean curves obtained in CS terminals from wild-type mice. In the case of the percentage of skip events, the experimental curve can be regarded as a smoothed version of the simulated curve. This result is typically obtained when stochastic contributions are not modeled properly (Faisal et al. 2008) where the I h maximum conductance (g h ) was slowly reduced until elimination. At t ϭ 60 s g h begun to decrease from its initial value, reaching 0 at t ϭ 120 s. After t ϭ 120 and until the end of the simulation, g h was 0 (top). Firing parameters before and after g h reduction are, respectively, mean firing rate: 7.9 and 3.9 s Ϫ1 ; cycle time: 123 and 332 ms; spikes per burst: 1 and 1.7. purpose of this work. Figure 7C shows that the effect of ZD7288 on CS nerve endings can be effectively mimicked by reducing the I h conductance of the model. More specifically, a progressive reduction of I h results in a slow decrease of the mean firing frequency, an increase of the cycle time (evidenced by the shift of the ISI main component), and the induction of bursts, as observed in mouse terminals (see Fig. 1B, gray box) . Finally, a partial block of I h (to 16% of the original value) produces a behavior that resembles the effect of ivabradine: a modest increase of cycle time (from 123 to 180 ms) and very little bursting (from 1 to 1.14 spikes/burst).
To simulate a HCN1 Ϫ/Ϫ mouse nerve ending, rather than eliminating I h we modified its parameters to make it resemble HCN2 channels. The changes consisted in a shift of the open probability curve toward negative potentials (V h 0 from Ϫ85 mV to Ϫ95 mV) and slower channel kinetics ( h at 25°C changed from 125 ms to 900 ms). This is in agreement with the properties of HCN2 channels in heterologous expression systems (Chen et al. 2001 ) and the characteristics of I h recorded in cultured CS neurons from mice lacking HCN1 (Orio et al. 2009) . No other parameter of the model was changed.
Remarkably, as shown in Fig. 8, A and B, the sole change of HCN1-like to HCN2-like I h is sufficient to make the model match the firing patterns of CS nerve endings from HCN1-null mice between 24°C and 34°C. The progressive reduction of I h conductance in the model also reproduces the effect of ZD7288 on terminals lacking HCN1 (Fig. 8C) , namely, an increase of the cycle time, which combined with a small increase in the number of spikes per burst results in a reduction of the mean firing rate. The effect of changing I h parameters is more strikingly evidenced in Fig. 9 , where the experimental data of Fig. 3 , B-D, are plotted together with the data from both simulations (fast and slow I h ).
In our preceding work (Orio et al. 2009 ) we found that I h recorded in CS neurons from HCN1 Ϫ/Ϫ mice was greatly diminished in amplitude and was even absent sometimes. Thus we tested whether a model combining an I h with slow kinetics and smaller maximum conductance (g h changed from 0.6 to 0.2) could also reproduce the experimental results obtained in HCN1 knockout terminals. As shown in Fig. 10 , expression of one-third of I h current with slow properties (HCN2-like) is enough to obtain a behavior similar to the observed in HCN1 Ϫ/Ϫ , and thus overexpression of HCN2 is not necessary for functional compensation.
Analysis of the time course of model variables (see APPEN-DIX) shows that I h provides a critical depolarizing drive at the beginning of the oscillations. The apparently subtle change in kinetic properties from HCN1 to HCN2 results in a diminished I h , thus delaying the start of a new oscillation. At the same time, the reduced membrane conductance results in a lengthening of the burst period. From these results, we can conclude that the cold receptor phenotype observed in HCN1-null mice can be reasonably explained by a compensation of HCN1 channels by the remaining HCN2 subunit.
DISCUSSION
In a previous study (Orio et al. 2009 ), we characterized extensively a prominent h-current present in cultured CS trigeminal neurons, hypothesizing about its potential role in the rhythmic generation of action potentials in CS nerve endings. Pharmacological or genetic suppression of I h in mice produced an altered cold perception in behavioral studies, further supporting a possible role for I h in the stimulus coding of cold thermoreceptors (Orio et al. 2009 ). In this work, by taking advantage of the recently described development of extracellular recordings in mouse corneal sensory endings (Parra et al. 2010) , we have confirmed this hypothesis by directly determining the effect of pharmacological I h suppression on the firing patterns of CS nerve endings from mouse cornea. Moreover, we have characterized the firing pattern under static temperature conditions of CS nerve endings from knockout mice for HCN1 channel subunits, the principal molecular determinant of I h in cold thermoreceptor neurons.
HCN1 channels are present not only in CS peripheral nerve endings and neurons but also in many other neurons within the central nervous system. Thus it is possible that other neurons involved in the behavioral response to cold are also affected by the lack of this channel. Therefore, the behavioral deficits observed can be the result of changes in the function of several neuronal types, rather than sole changes in nerve ending firing patterns. While we cannot rule out this possibility with the present evidence, our results still show an important role of I h in the initial sensory encoding of innocuous cold temperatures. Moreover, Fig. 3E shows that the apparently small differences in the firing of wild-type and HCN1 Ϫ/Ϫ nerve endings are associated to a large change in the increase of static firing rate upon cooling.
Effects of I h blockers on firing pattern. The most notorious effect of I h block on CS terminal NTIs is a rapid alteration in their firing pattern, occurring within a few minutes of exposure of the preparation to ZD7288 or ivabradine, widely used I h blockers. This change in firing pattern consisted of a lengthening of the mean cycle time and the induction of bursts. There were quantitative differences in the effect of both blockers, characterized by a lesser effect of ivabradine compared with ZD7288. Differences between the effect of these compounds are to be expected, since they have different blocking mechanisms (Bucchi et al. 2006; Shin et al. 2001 ). Specifically, a lesser potency of ivabradine is plausible, since it needs repeated open/close cycles to effectively block the channel. This situation is not likely to occur if, according to the mathematical simulations, the nerve endings spend most of the time at less than Ϫ60 mV.
The observed change in firing pattern reveals an important role for I h in the rhythmic generation of action potentials, which is a distinctive feature of CS nerve endings and fibers (Braun et al. 1980; Carr et al. 2003) . A longer cycle time and the appearance of bursting suggest that the slow membrane potential oscillation thought to underlie this rhythmic activity (Braun et al. 1980 (Braun et al. , 1998 becomes slower when I h is blocked, as has been shown in the inferior olive (Bal and McCormick 1997) . Until direct recording of membrane potential at the tiny nerve endings becomes experimentally feasible this suggestion will remain unconfirmed, but the computer simulations that reproduce the effect of ZD7288 ( Fig. 7C ; see also Fig. 11 , APPENDIX) also show this effect, supporting this hypothesis. Since the reversal potential of I h is about Ϫ30 mV, a hyperpolarization of the nerve ending is expected to occur upon blockade, leading to a reduced rate of action potential generation. However, the blockade of I h also leads to a higher membrane resistance that increases the amplitude of the oscillation and the length of bursts.
Role of HCN1 vs. HCN2. Our study shows that application of ZD7288 to CS nerve endings affects their firing pattern regardless of the expression of the HCN1 protein, which we showed to be responsible for a major fraction of the I h observed in the soma of cultured trigeminal CS neurons (Orio et al. 2009 ). This result could be interpreted as ZD7288 acting on another (unspecific) target, an interpretation we cannot fully rule out. On the other hand, this finding could be explained by the presence of another member of the HCN channel family in CS nerve endings, partially fulfilling the role of HCN1. We think that the last possibility is a very plausible explanation, as the I h in CS neurons resembles a mixture of HCN1 and HCN2 channels and a slow HCN2-like current was recorded in a fraction of CS neurons from HCN1 Ϫ/Ϫ mice (Orio et al. 2009). Moreover, our computational simulations show (Fig. 8 ) that the behavior of HCN1 Ϫ/Ϫ CS nerve endings can be fully reproduced just by changing I h activation parameters to make it resemble HCN2 channels.
This result shows that the normal rhythmic firing of CS nerve endings requires the expression of a hyperpolarizationactivated current with specific activating kinetics. Although the difference in spiking pattern between CS terminals from wildtype and HCN1 Ϫ/Ϫ mice may seem small, it can produce a significant difference in neural encoding of temperature. Just from the point of view of mean static firing frequency, CS terminals from HCN1-null animals have a lower slope of the firing frequency vs. temperature relationship (see Fig. 3B ). As the neural coding underlying cold perception is thought to involve changes in both firing frequency and firing pattern (Spray 1986 ), a lower increase in firing frequency upon cooling is likely to have an impact on cold perception.
New kinetic model of CS nerve terminals. The temperaturedependent firing patterns of CS nerve endings and fibers have been modeled previously with conductance-based models, notably in the studies of Longtin and Hinzer (1996) and Huber and Braun (Braun et al. 1998; Huber et al. 2000) . These models are based on Plant's model of slow wave bursting (Plant 1981) in which a slow oscillation of the membrane is driven by a slow persistent sodium/calcium current and a calcium-activated potassium channel. By adding the usual temperature dependencies of channel kinetics and conductance, the firing patterns of CS nerve endings at different static temperatures can be qualitatively reproduced. Huber and Braun's model stands out for its simplified equations and low numbers of parameters, leaving only the essential while still being biologically plausible.
Our results prompted the inclusion of a hyperpolarizationactivated current in the model in order to explain the results with HCN channel blockers as well as the differences observed in the firing patterns between wild-type and HCN1 Ϫ/Ϫ mice. Previous models omitted this current in simulating the overall behavior of CS nerve endings while still being adequate for explaining the qualitative aspect of firing pattern change with temperature. Our expanded model reproduces quantitative aspects of the firing patterns during cooling (see Figs. 7B and 8B) as well as the effects of I h blockade on the firing patterns. Furthermore, in the process of tuning the model to make it dependent on the expression of I h , we found that this behavior is quite sensitive to the voltage dependence of the persistent sodium current (I Na,p ). The value of the s sd parameter in the original Huber and Braun model (0.09) is lower than the value reported for the I Na,p measured in sensory neurons from dorsal root ganglion (Herzog et al. 2001) . A shallower P O /V relationship implies more channels open at negative voltages, thus making it easier to start a new depolarizing cycle from the negative part of the oscillation. With the higher voltage dependence we use (0.11, equivalent to 2.8 charges per channel at 25°C), which agrees with the values reported by Herzog et al. (2001) , there are fewer sodium channels open at negative voltages and a new oscillation will take longer to start unless some other conductance (e.g., I h in our model) helps in depolarizing the membrane again.
As a result, we present a model that comprehensively reproduces all the experimental evidence here discussed. In doing so, it provides a plausible explanation for the effect of the I h blocker on the CS nerve ending from HCN1 Ϫ/Ϫ animals, a result that at first appeared contradictory. The model also shows that the I h is important for tuning the correct period of the slow oscillation: the opening of HCN channels adds a depolarizing drive and helps in the onset of the oscillation while their contribution to the total membrane conductance helps to determine the burst duration. Replacing HCN1 channels with an HCN2-like conductance, with a different time constant and half-activation voltage, results in longer cycles with augmented bursting. Finally, the absence of I h results in the longest cycles because of a more profound hyperpolarization of the membrane during the resting phase of the cycle.
Role of cold-modulated conductances. Previous models did not take into account the presence of a cold-inhibited hyperpolarizing (i.e., potassium) current, such as TREK1 and/or TRAAK channels (Kang et al. 2005; Reid and Flonta 2001; Viana et al. 2002) , in CS neurons. We found that incorporating this type of current into the model allowed for a better "finetuning" of the mean firing frequency vs. temperature relationship. In fact, it has been reported that mice lacking TREK1 and TRAAK channels have an impaired cold perception (Noel et al. 2009 ).
However, it is noteworthy that current models for temperature-induced changes in firing pattern (including ours) do not consider the presence of TRMP8, a channel member of the TRP channel family activated by decreases in temperature and menthol (Brauchi et al. 2004; McKemy et al. 2002; Peier et al. 2002; Voets et al. 2004) . One may wonder how this omission affects the interpretation of the results we obtained, considering the critical importance of this current in cold thermorecep- tor function (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007; Parra et al. 2010) . TRPM8 is unspecific for monovalent cations: its activation causes depolarization of the membrane and a consequent increase in action potential firing. Under physiological recording conditions (i.e., normal external Ca 2ϩ ), the cold-induced inward current that can be recorded in cultured CS neurons and that is blocked by the TRPM8 blocker BCTC (Madrid et al. 2006 ) shows a fast desensitization upon a sustained cold stimulus (see Reid et al. 2002; Viana et al. 2002) . This desensitization depends on phospholipase C activation, caused in turn by an increase in intracellular calcium (Daniels et al. 2009 ), and shows a time course similar to the adaptation of the dynamic response of CS nerve endings. Thus it is possible that TRPM8 activity is mostly responsible for the transient responses to sudden temperature changes, playing a lesser role in establishing the firing patterns observed at static temperatures. Considering that the experimental work and the model here presented focus primarily on static responses of CS nerve terminals, the absence of TRPM8 should be of minor impact. Obviously, future models trying to replicate dynamic aspects of thermoreceptor activity should also include TRPM8 currents.
Concluding remarks. The I h has been implicated in pacemaking and oscillatory activity throughout the nervous system (Chan et al. 2004; Hutcheon et al. 1996; Luthi et al. 1998; McCormick and Pape 1990; Thoby-Brisson et al. 2000) . In addition, I h has been recorded in sensory neurons (Doan et al. 2004; Momin et al. 2008; Orio et al. 2009; Scroggs et al. 1994 ) and the expression of HCN channels has been demonstrated in sensory neurons and axon terminals (Antal et al. 2004; Kouranova et al. 2008; Momin et al. 2008; Tu et al. 2004) , with its abnormal expression associated with pathological pain (Emery et al. 2011; Luo et al. 2007 ). The high-pass filter properties of I h have been implicated in sensory coding by retinal networks (Cangiano et al. 2007; Publio et al. 2009 ) and in the phase-locked response of hypoglossal motoneurons to sinusoidal stimulus (van Brederode and Berger 2011) . Here, we demonstrate a role of I h in rhythmic and oscillatory activity of cold thermoreceptor terminals. When put together with our previous observation of a behavioral deficit in cold sensing in mice lacking HCN1 or in the presence of I h blockers (Orio et al. 2009 ), our results support the idea that the rhythmic discharge of action potentials in CS nerve endings plays a (Fig. 7) , except for V h 0 ϭϪ95 mV, h ϭ 900 ms, g h ϭ 0.2. The only difference from the slow I h model (Fig. 8) is the g h value. A: comparison of firing rate, cycle time, spikes per burst, and fraction of skip events at different temperatures. Note that the model with reduced g h behaves almost identically to the slow I h model. B: effect of blocking I h in the model at 33°C. Note that, as occurs with the slow I h model, reduction of g h causes an increase of the cycle time without a noticeable induction of bursting, resulting in reduction of the firing rate. Firing parameters before and after g h reduction are, respectively, mean firing rate: 7.9 and 3.9 s significant role in the sensory coding process, as was originally hypothesized more than 30 years ago by Braun and colleagues (Braun et al. 1980) . Finally, our results emphasize the notion that cold temperature perception is a complex sensory process that involves additional sensory events beyond the initial transduction step.
APPENDIX: ROLE OF I h IN MEMBRANE POTENTIAL OSCILLATION
We examined closely the time course of the voltage and activation variables in the simulation, trying to understand what the role of I h can be and why a change in I h activation parameters can affect the bursting pattern and firing frequency. Figure 11 presents this examination graphically. In the wt model (Fig. 11A) , at the beginning of a voltage oscillation (dV/dt ϭ 0, vertical dashed line) the open probability of the h-current (a h ) is increasing because of membrane hyperpolarization. Since the reversal potential for the h-current is Ϫ30 mV, at negative membrane potentials it provides a depolarizing force that precedes the positive feedback of the slow depolarizing current I sd , thus accelerating the beginning of a new cycle (note that a sd , the open probability of I sd , starts to grow when a h is almost at its maximum). In the "slow I h " model (Fig. 11B) , a h displays a lower value during the cycle, because of a more negative half-activation voltage and the slower activation kinetics, limiting the opening of h-channels during the hyperpolarization. This results in a weaker depolarizing drive for the onset of a new firing cycle. Finally, in the absence of I h (Fig. 11C) , the new cycle in the model is initiated very slowly by the depolarizing positive feedback provided by I sd alone. This causes a very long interburst period and cycle times as seen in the experimental results with I h blockade. It is also worth noting that the absence or reduction of I h changes dramatically the voltage reached during the hyperpolarization phase of the oscillation: while the wt model reaches a maximum hyperpolarization of Ϫ70 mV, the slow I h model goes to Ϫ75 mV and in the absence of I h the most negative value is Ϫ82 mV, closer to the reversal potential for the K ϩ conductance. A third important observation in the simulations is the increase in burst duration produced by the reduction or absence of I h . This result may be counterintuitive, considering that I h is depolarizing for most of the time during the cycle and thus should contribute in maintaining the firing of action potentials. However, we would like to note that when the voltage is near Ϫ50 mV, I h is only weakly depolarizing and as an additional membrane conductance it actually dampens the depolarizing force of I sd . In the absence of I h , more potassium conductance has to build up to dampen I sd , and this delays the end of the firing phase. Fig. 11 , bottom, shows that the bursting phase always ends when the total membrane conductance reaches a similar value of 0.3 mS/cm 2 . When the I h is decreased or absent, it takes more action potentials to reach this value because the initial conductance is lower.
This analysis not only explains the dramatic change in firing pattern when I h is fully blocked, it also shows how subtle changes in channel kinetics and activation curve given by a shift from HCN1 to HCN2 channels introduce significant alterations in the firing properties of cold thermoreceptor endings. In turn, this may explain the behavioral deficits in cold perception observed in HCN1 Ϫ/Ϫ animals (Orio et al. 2009 ).
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